A B S T R A C T Total renal ammonia production and ammonia precursor utilization were evaluated in patients under normal acid-base balance and in patients with 24-h NH4C1 acidosis by measuring (a) ammonia excreted with urine and that added to renal venous blood, and (b) amino acid exchange across the kidney. In 24-h acidosis not only urinary ammonia excretion is increased, but also total ammonia production is augmented (P < 0.005) in comparison with controls. By evaluating the individual role of acid-base parameters, urine pH and urine flow in influencing renal ammonia production, it was shown that the degree of acidosis and urine flow are likely major factors stimulating ammoniagenesis. Both urine pH and urine flow are determinant in the preferential shift of ammonia into urine. In 1-d acidosis, renal extraction of glutamine was not increased and the total ammonia produced/ glutamine N extracted ratio was higher than in controls (P < 0.005) and was inversely correlated with the log of arterial bicarbonate concentration (P < 0.001). In the same condition, renal glycine and ornithine uptake took place; the more severe the acidosis, the greater was the renal extraction of these amino acids (P < 0.001). These data indicate that at the early stages of metabolic acidosis, in spite of a brisk increase in ammonia production, the mechanisms responsible for the increased glutamine use, which are operative in chronic acidosis, are not activated and other ammonia precursors, besides glutamine, are probably used for ammonia production.
INTRODUCTION
It is well known that in man and in other mammals chronic metabolic acidosis induces an increase in total renal ammonia production (1) (2) (3) (4) and that this increase is associated with an augmented extraction of glutamine by the kidney (1) (2) (3) (4) (5) (6) . However, mechanisms controlling renal ammoniagenesis in metabolic acidosis and the development of the renal adaptive response to acidosis are still controversial (7) (8) (9) .
In man, urinary ammonia excretion is already significantly increased 2 h after the administration of an acid load (10) (11) (12) , but it attains the highest values only within 5-6 d after the onset of acidosis (10, 13) . Because renal production of ammonia, namely that excreted plus that added to renal venous blood, was never measured in man at the initial stages of metabolic acidosis, it is still uncertain whether the increase in urinary ammonia excretion is merely the consequence of an enhanced trapping of ammonia into urine, or if a rise in renal ammonia production takes place as well. Moreover, renal utilization of ammonia precursors, mainly glutamine, in these circumstances is unexplored so far. A number of investigations carried out in animals with acute metabolic acidosis provided conflicting results that also depended on species differences (14) (15) (16) (17) (18) (19) (20) (21) .
Some factors, such as urine flow, urine pH, and arterial acid-base parameters, which may influence ammonia excretion in acute metabolic acidosis have been investigated in the past. An inverse correlation between urinary ammonia excretion and urine pH was detected (11, 22, 23) ; furthermore, an increase in urine flow per se caused an increased ammonia excretion (12, 24) . It is poorly understood if, and to what extent, these factors are able to stimulate renal ammonia production. Acidemia seems to be the major factor increasing ammonia production in the intact rat (17) , whereas urine pH has a critical role in increasing ammoniagenesis in isolated perfused kidney preparations (25) . In vitro studies, on the other hand, demonstrate that ammonia production from glutamine by both rat renal tissue slices and isolated mitochondria is unmodified or reduced (26) (27) (28) (29) (30) (31) (32) when an acidic incubation medium (pH 7.0) is used.
Studies reported here were carried out in order to investigate total renal ammonia production and ammonia precursor use in man with normal renal function in an early stage of metabolic acidosis. The study was performed by measuring renal ammonia production and amino acid (AA)' exchange across the kidney. The individual role of some factors that may affect ammonia production, such as arterial acid-base parameters, urine pH, and urine flow, has also been evaluated. (111-223) mmol/m2 body surface of NH4Cl orally during the 24 h before the study. The acid load was given in three fractional doses, the last of which was administered 6 h before the study. The control and acidotic groups were evenly matched for age, sex, body surface, and blood pressure. Some data obtained in 6 of 9 patients presented here as controls were also reported elsewhere (33) .
METHODS
All patients were informed of the nature, purpose, procedure, and possible risks before obtaining their voluntary consent.
Procedure. Patients Glomerular filtration rate (GFR) was measured with the Na tiosulphate method (38) . Renal plasma flow was determined with PAH according to Smith et al. (39) .
Blood and urine pH and PaCO2 were estimated at 370C with PHM 72/BMS 3 apparatus (Radiometer Co., Copenhagen, Denmark). Blood HCO3 was calculated using the Henderson-Hasselbalch equation. Urine titratable acidity was measured by titration with 0.1 mol/liter NaOH up to arterial pH. SaO2 was measured with an Hellige oximeter (American Optical Corp., Scientific Instrument Div., Buffalo, N. Y.). Hematocrit was determined by a microcapillary procedure.
Calculations. Renal arterial plasma flow was calculated from clearance and extraction of PAH using the Wolf equation (40) . True renal arterial blood flow (RBF) was calculated from renal plasma flow and arterial hematocrit. Net extraction (+) or net release (-) of individual AA and ammonia by the kidney were calculated by the following formula: M = (Fa X Sa) -Sv (F. -Fu) -(F. X S.), where: M = net uptake or release (Mmol/min. 1.73 m2), Fa = RBF (ml/min. 1.73 m2), F,, = urine flow (ml/min-1.73 m2), Sa= arterial level of metabolite (,umol/ml), Sv = venous level of metabolite (Mmol/ml), and S,, = urinary level of metabolite (Mmol/ml).
The total ammonia production was obtained by summing the values for renal venous ammonia release and urinary ammonia excretion.
The N balance across the kidney reported here was calculated by subtracting N contributed by individual AA significantly released plus N contributed by total ammonia produced, from N contributed by individual AA significantly extracted.
Patients and controls with NH4Cl acidosis were compared by analysis of variance by using a completely randomized design. A randomized block design was applied to the analysis of variance for the paired data (41) . Analysis of simple regression and correlation (41) was used to evaluate the dependence of ammonia production and the ammonia-excreted/ammonia-produced ratio on NH4CI load, arterial blood acid-base parameters, PNH3 in renal venous blood and urine, urine flow, and log of urine H+. The same procedure was followed to evaluate the relationships between the following variables: renal ammonia production and extraction of glutamine and other AA; ammonia production/glutamine N extraction ratio and arterial HCO3; exchange of N contributed by glycine plus ornithine and arterial HCO3; and citrulline extraction and arginine output. Analysis of multiple regression (41) was used in order to estimate the dependence of ammonia production (a) and the ammonia-excreted/ammonia-produced ratio (b) on the independent variables that showed a significant simple correlation with (a) and (b). Values are given as mean±1 SEM. Table I reports GFR, RBF, blood and urine acid-base parameters, urine flow, and ammonia excreted and added to renal venous blood in patients under normal acid-base balance and in patients with NH4Gl-induced acidosis. The acid load caused a significant fall in arterial HCO?, which was inversely correlated with the amount of acid administered per square meter of body surface (r = -0.924, P < 0.001). In acidotic patients urine pH was lower in comparison with controls, while titratable acidity and urine flow was higher. The amount of ammonia excreted was increased (+129%), whereas that added to renal venous blood was not different from controls. It follows that total ammonia production was augmented in the acidotic group (+63%), and the fraction excreted of total ammonia produced was increased. Ammonia production was directly correlated with the dose of acid load (r = 0.817, P < 0.001). Arterial ammonia levels were not different in the two groups of patients (44±6.9 ,mol/ liter in controls and 48±4.5 in acidotic patients).
RESULTS
There was a direct correlation between renal ammonia production and arterial H+ (r = 0.807, P < 0.001), urine H+ (r = 0.607, P < 0.01), and urine flow (r = 0.788, P < 0.001) (Fig. 1) . In addition, ammonia production was inversely correlated with arterial HCO (r = -0.829, P < 0.001) (Fig. 2) and PaCO2 (r = -0.776, P < 0.001). However, when multiple regression analysis was carried out with arterial HCO, urine H+, and urine flow, as independent variables, ammonia production correlated significantly only with arterial HCO (P <0.01) and urine flow (P < 0.001). The same results were obtained when arterial H+ or PaCO2, instead of arterial HCO3, were considered. No correlation was detected between ammonia production and PNH3 of renal venous blood and urine.
A correlation between the ammonia excretion/ammonia production ratio and urine flow (r = 0.673, P < 0.01) (Fig. 3) , the log of urine H+ (r = 0.709, P <0.001) (Fig. 4) , and arterial HCO (r = -0.779; P < 0.001) was found. Analysis of multiple regression confirmed the dependence of the ammonia excretion/ ammonia production ratio upon both urine flow (P < 0.001) and the log of urine H+ (P < 0.001), but not upon arterial HCO.
In Table II , arterial blood levels, rates of renal uptake and release, and urinary excretion of 19 free AA in controls and in patients with metabolic acidosis are reported. Arterial AA levels and urinary excretion were not different in the two groups, with the exception of the arterial histidine level which increased in acidosis (P < 0.05). Under normal acid-base balance, the kidney extracted glutamine, proline, citrulline and phenylalanine, and released serine, arginine, taurine, ornithine, tyrosine, threonine, lysine, histidine, and perhaps alanine and glutamate. After 24 h of acidosis, the renal exchange of most AA, including glutamine, was not different from controls. The only exceptions were glycine and ornithine, which were significantly extracted by the kidney only in the acidotic group; in addition, the release of histidine disappeared. Both in controls and in patients with acidosis, citrulline extracted was directly correlated with arginine released by the kidney (r = 0.577, P < 0.02). No amount of N supplied by glutamine extraction was not changed despite the increase in total ammonia production; the ammonia production/glutamine N extraction ratio doubled and was inversely correlated with the log of arterial HCO-(r = -0.750, P < 0.001) (Fig. 5) . Further, in acidosis, a significant uptake of N contributed by glycine and ornithine took place. Finally, the exchange of N contributed by glycine and ornithine was inversely correlated with arterial HCO-(r =-0.816, P < 0.001) (Fig. 6 ). 1 Relationships between total renal ammonia production and urine flow in 9 patients with normal acid-base balance (solid circles) and in 10 but also total renal ammonia production is augmented. Thus, metabolic acidosis induces a precocious adaptation of renal ammoniagenesis and, consequently, larger amounts of buffer become available to meet the greater need to excrete fixed acids. Recent studies in the isolated perfused rat kidney have indicated that the fall of urine pH, rather than the decrease of HCO-in the perfusion fluid, is the critical stimulus for increased ammonia production (25) . Conversely, results reported here suggest that, in man, at the onset of metabolic acidosis, the degree of acidosis and the changes in urine flow, rather than the fall of urine pH, are the major factors stimulating the increase in ammonia production. The importance of acidemia has also been outlined in the intact rat with acute metabolic acidosis, whereas urine pH seemed to be meaningless (17) . Moreover, no correlation was detected between ammonia production and urine pH both in dog and in man under normal acid-base balance and in chronic NH4Cl-induced acidosis (1, 42, 43) . It has been shown that intracellular pH of rat tubular cells is linearly correlated with extracellular pH (44) . Thus, acidemia may induce a fall of pH within tubular cells and consequently, promote an increased ammoniagenesis.
DISCUSSION
A quite novel finding is the apparent role of urine flow as a stimulus for ammonia production in acute acidosis. One can hypothesize that in this condition the increased urine flow and the consequent enhanced washout of urinary ammonia are more effective than the fall in urine pH in facilitating diffusion of ammonia from cells into tubular lumen, hence, in lowering ammonia concentration in tubular cells, and eventually, in influencing renal ammonia formation. Ammonia production, on the other hand, seems to be independent of PNH3 in renal venous blood and urine in the experimental conditions reported here.
The simultaneous measurement of ammonia excreted with urine and that added to renal venous blood carried out in this research allows one to estimate the actual role of urine pH and urine flow in the partition of ammonia produced between urine and blood. Findings obtained provide evidence that in an early stage of metabolic acidosis, the increase in both urine H+ and urine flow is responsible for the preferential shifting of ammonia into urine. In fact, the fraction excreted of total ammonia produced increases proportionally to urine flow and to the log of urine H+.
An important finding in the present study is that in man, at the onset of metabolic acidosis, renal glutamine extraction is not different from that measured in normal conditions in spite of a 63% increase in ammonia production. In addition the ammonia production/glutamine N extraction ratio rises proportionally to the fall of arterial HCO-; these data indicate that the discrepancy between ammonia production and The reason why renal glutamine extraction does not increase at the onset of metabolic acidosis is so far obscure. Glutamine supply changed, because the amoun reabsorbed is by far in exce (Table III) . Most studies in v ammoniagenesis was evaluat -0 816; P 0001) patients. Conversely, acute acidification modifies the exchange of some AA across the kidney, that is, a significant glycine and ornithine extraction takes place. Particularly noteworthy is the effect of acidosis in influencing renal glycine and ornithine metabolism. The more severe the acidosis, the greater is the extraction of N contributed by glycine and ornithine. It is interesting to note that N contributed by glycine and or-°n ithine extracted may cover the amount of ammonia not accounted for by the glutamine extracted. The data \ presented here cannot provide direct evidence that glycine and ornithine extracted are used for ammonia°\ formation in acute acidosis. However, glycine can be used for ammoniagenesis in the intact dog (51, 52) , and ornithine can produce ammonia by rat renal cor-* \ e tical slices (53) through conversion to glutamate. Two other AA, namely proline and citrulline, are extracted by the kidney in acute acidosis at the same rates as in controls. However, citrulline cannot be considered an ammonia precursor inasmuch as this AA is utilized by * the kidney for arginine production in normal acid-base balance (33, 54) In conclusion, studies reported here demonstrate en the renal exchange of N that in man the adaptation of renal ammoniagenesis thine and arterial HCO-con-to mabolic ad apreoiofrenal anesis th normal acid-base balance to metabolic acidosis is a precocious event. At an early nts with 24-h NH4Cl acidosis stage of acidosis, acidemia and increased urine flow seem to play a major role in stimulating ammonia production. In this stage, the adaptive mechanisms reto tubular cells is not sponsible for the increased renal glutamine use that t of glutamine filtered and are operative in the chronic condition are not yet acss of glutamine extracted tivated; other substrates, besides glutamine extracted which the effect of pH on from the arterial blood, are probably utilized for am-:ed in vitro agree that both monia production. ammonia production from glutamine and glutamine use by rat renal cortical slices or mitochondria are unchanged or depressed when incubation is carried out at low pH (26) (27) (28) (29) (30) (31) (32) . Moreover, acute acidification does not stimulate rat renal phosphate-dependent glutaminase (E.C. 3.5.1.2.) (46) (47) (48) (49) and intramitochondrial glutamate dehydrogenase (E.C. 1.4.1.2.) (50) activities. All the data obtained in vitro may be consistent with the failure of renal glutamine extraction to increase in man in 1-d metabolic acidosis. Because in this condition, despite the increased ammonia production, glutamine extraction is unchanged, additional ammonia precursors may come into play. Among them glutamate probably cannot be taken into account because the release of this AA is unchanged in acidotic
